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ABSTRACT

The U.S. Geological Survey deployed two temporary onshore arrays of seismic recorders
transverse to and straddling the San Andreas fault at the latitude of Loma Prieta during marine
seismic reflection profiling of the north-central California margin conducted in May 1990. The
marine reflection profiles were acquired for the Offshore Geological Framework Program using the
R/V S.P. Lee, which towed a ten-element, 40 liter (2424 cu. in.) airgun array. Nineteen three-
component land stations continuously recorded the airgun signals produced by the reflection
profiling at large offsets. This report describes the experiment, provides the locations and times of
operation of all the recorders, presents the data reduction scheme followed, and provides examples

of the recorded wide-angle seismic data.

INTRODUCTION AND OBJECTIVES

Knowledge of the structure of the mid- to lower-crust offshore central California is
fundamental to the understanding of the tectonic processes associated with, and earthquake hazards
posed by, ongoing transpression. Since early studies of the continental margin off California
(Uchipi and Emery, 1963; Curray, 1966), workers have recognized that accretionary tectonics
during the Mesozoic created a typical trench and arc geometry offshore central California which has
been disrupted by Cenozoic transtension and subsequent transpression (e.g., Dickinson, 1970;
Ernst, 1971; Saleeby, 1986; McCulloch, 1987). Major anticlinal fold structures in the offshore
Santa Maria basin have been dated at 3 to 5 m.y., suggesting that ongoing compressional forces
related to Pacific plate motion changes may have begun at that time (McCulloch, 1987; Clark and
others, 1991). Active transpression across the margin has been inferred from geodetic, focal
mechanism, stress measurements, and other data (Zoback and others, 1987). The ongoing
transpressional tectonics requires subhorizontal detachment surfaces to accommodate both the
compressional and strike-slip motion (Namson and Davis, 1988), but the geometry of these

surfaces in north-central California, and their relation to the San Andreas fault, is currently not well



known. In the vicinity of Morro Bay, south of Monterey, seismic reflection/refraction profiling
by the Pacific Gas and Electric Company and EDGE (a consortium of university investigators)
suggests that the outer margin and shelf are underlain at mid-crustal levels by oceanic crust of the
Farallon Plate, and that the top of the oceanic crust may act or have acted as a subhorizontal
detachment surface (Ewing and Talwani, 1991).

The Loma Prieta magnitude 7.1 earthquake of October 17, 1989 served both as a reminder
of the active transpression occurring along the San Andreas fault and as a catalyst for framework
studies aimed at better understanding the crustal structure in its vicinity (U.S. Geological Survey
Staff, 1990). Large amplitude reflections from the mid- to lower-crust and upper mantle may have
increased ground motions produced by the earthquake at some distant sites (Somerville and
Yoshimura, 1990), and provide additional motivation for the delineation of subhorizontal
structures in the mid- to lower-crust. In the following we report the primary data resulting from
an onshore-offshore seismic reflection/refraction investigation of the crustal structure of the

California continental margin in the vicinity of the Loma Prieta earthquake.

DATA ACQUISITION AND PROCESSING

In May, 1990, the U.S. Geological Survey (USGS) conducted a marine seismic reflection
investigation of the central California margin (Lewis, 1990; fig. 1a). The airgun array used for
reflection profiling also served as a sound source for onshore seismic recorders positioned across
the epicentral region of the Loma Prieta earthquake. The 10-element airgun array towed by the R/V
S.P. Lee totalled 40 liters (2424 cu. in.) and generated seismic signals for two temporary
onshore seismic recorder arrays deployed transverse to and straddling the San Andreas fault at the
latitude of Loma Prieta and Saratoga (fig. 1b). The main recorder array, across Loma Prieta,
consisted of 13 stations stretching from the coast landward some 92 km. A shorter array, located
25 km northeast of Loma Prieta, consisted of 6 stations stretching landward about 70 km from Ano

Nuevo (Table 1). These arrays were used to record two 61-km-long, colinear, off-end, reflection
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TABLE 1. 5-day Recorder Locations and Elevations

Site Latitude (N) Longitude (W) Elevation
No. Name Deg. Min.  Deg. Min. (m)
LP-1* Majors Creek 36 59.39568 122 08.03406 170
LP-2 Empire Grade 37 01.41960 122 05.10222 364
LP-3 Happy Valley 37 01.74468 121 59.16768 74
LP-4 Olive Springs 37 04.12782 121 55.63542 240
LP-5 Loma Prieta 37 06.48384 121 50.55318 1081
LP-6 Casa Loma Rd. 37 09.09006 121 46.94538 246
LP-7 Bailey Rd. 37 11.93616 121 45.54030 113
LP-8 Coe Ranch 37 15.54252 121 40.30656 370
LP-9* San Felipe Rch. 37 17.32848 121 38.03904 860
LP-10 Arnold Ranch 37 20.89050 121 32.02650 663
LP-11% Red Mtn. 37 23.25432 121 26.85060 763
LP-12 Arkansas Cyn. 37 27.99576 121 24.45276 950
LP-13 Ingram Cyn. 37 30.64266 121 19.27704 235
AN-1 Waddell Creek 37 06.41322 122 15.87570 283
AN-2* Eagle Creek 37 08.86650 122 11.63766 753
AN-3 Mt. Bielawski 37 13.35756 122 05.60364 987
AN-4 Calaveras Res. 37 27.00354 121 47.80038 270
AN-5 Valpe Ridge 37 30.79374 121 43.03188 1073
AN-6 Mines Road 37 33.32334 121 34.40016 618

*Stations LP-1, LP-9, LP-11, and AN-2 consisted of a transmitter broadcasting signals
from a vertical seismometer only.

lines (32 and 38; fig. 1b) as well as several shorter lines having a fan geometry to the near linear
receiver arrays. The goals of the wide-angle recording were to place constraints on the mid- to
lower-crustal structure in the vicinity of the epicenter of the 1989 Loma Prieta earthquake, and to
look at variations in this structure along the strike of the San Andreas fault.

The wide-angle data were recorded using analog three-component, five-day seismic
recorders described by Criley and Eaton (1978). Although many of the field procedures used to

deploy the five-day recorders were identical to those described for a similar experiment in southern



Alaska (Brocher and Moses, 1990), the simpler logistics of north-central California allowed minor
changes in the field method (Appendix). For our study, the five-day recorders were deployed
along access roads and were turned on prior to the acquisition of the marine reflection lines. At
four sites (LP-1, 9, 11 and AN-2), seismic signals from only a vertical-component seismometer
were telemetered to an adjacent five-day recorder for recording.

The internal clock of the five-day recorders was calibrated by WWYVB radio signals
recorded by each receiver. Comparison of the internal clock and WWVB signals allowed us to
accurately determine and remove the drift of the internal clock (see Brocher and Moses, 1990). As
a check on the absolute timing provided by WWYVB, signals from a OMEGA clock receiver,
accurate to within a millisecond after correction for path delays, were recorded for more than 5
minutes at the beginning of each recorder tape.

The calculation of airgun array shot times from "start of recording cycle" times on the R/V
S.P. Lee, the GPS positioning of the receivers, and navigation of the airgun shot locations is
described in the Appendix. For each receiver, we generated computer files containing shot times
and ranges for each seismic reflection line.

The playback and digitization of the five-day tapes, the formating of the digitized data into
SEG-Y format, and the subsequent processing of the record sections is described in the Appendix.
The Appendix also reviews procedures that were introduced during this experiment. The
Appendix also briefly describes the SEG-Y format in which the tapes were written. Record
sections reduced using a velocity of 6 km/s were generated by this procedure. Deconvolution of
the data acquired near Loma Prieta tended to be less successful than that for data acquired in the
northern Gulf of Alaska (Brocher and Moses, 1990), primarily because of the lower signal-to-

noise levels observed in this study.
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DESCRIPTION OF THE DATA

Seismic reflection lines 32 and 38 image similar structural elements on the continental slope
(fig. 2). Seaward of the Outer Santa Cruz basin and Santa Cruz high on the continental shelf, the
lines image a thick slope basin locally containing more than 2000 m of sediments. These slope
deposits thin over and are deformed by growth of an unnamed anticline at the base of the
continental slope. Sediments of the Monterey deep-sea fan thin against, onlap, and appear to be
uplifted by this unnamed anticline. Moderately dipping reflections from within the core of the
anticline probably represent splay thrusts that dip landward. We interpret low-frequency
reflections beneath the Neogene sediments as representing the top of the subducted oceanic crust of
the Pacific plate.

Thirty-seven wide-angle seismic profiles (common receiver gathers), were recorded
onshore during the acquisition of marine lines 32 and 38. Table 2 provides a list of stations that
recorded each of these two lines as well as the source-receiver ranges provided by each receiver.
Figures 3 to 39 provide examples of the records obtained by the receivers for both line 32 and 38,
reduced using a velocity of 6 km/s and corrected for geometrical spreading by multiplying trace
amplitudes by a factor of Ran ge0-7. Only records from the vertical seismometer component are
presented in this report. In general, the signal-to-noise levels of the profiles are comparable to
those obtained from similar experiments near Morro Bay, California (Trehu, 1991) and off central
Oregon (Trehu and others, 1990), but are lower than those from the northern Gulf of Alaska
(Brocher and Moses, 1990), where airgun array volumes between 3 to 5 times larger were used.
Arrivals are sometimes difficult to identify; a few of the recorded profiles provide little useful
information. As a rule, data quality improves as the distance of the station from the coast
decreased; Station AN-1, on Waddell Creek near Ano Nuevo (fig. 1B), provided the highest-
quality records of all stations (figs. 28 and 34). In general, the highest-quality wide-angle profiles

were obtained in remote sites on or near bedrock exposures.
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TABLE 2. Wide-angle Seismic Profiles

LP-1
LP-2
LP-3
LP-4
LP-5
LP-6
LP-7
LP-8
LP-9
LP-10
LP-11
LP-12

AN-1

AN-3
AN-4
AN-5
AN-6

Line 32

11



TABLE 2. Continued.

Line 38
Site No. Recorded Ranges (km)
LP-1 11.0-72.7
LP-2 16.7-78.4
LP-3 24.2-85.6
LP-4 31.0-92.4
LP-5 39.6-101.0
LP-6 46.7-108.2
LP-7 51.5-113.1
LP-8 61.7-123.3
LP-9 66.3-128.0
LP-10 77.4-139.1
LP-11 86.1-147.8
LP-12 94.3-156.0
LP-13 103.3-165.0
AN-1 21.0-74.6
AN-2 25.3-82.0
AN-3 35.4-94.0
AN-4 69.8-130.2
AN-5 79.6-140.1
AN-6 91.0-152.1

12



The wide-angle records obtained along the Loma Prieta and Ano Nuevo transects show six
characteristic arrivals (figs. 3-39). The first of these are secondary arrivals having a velocity
between 1.7 and 2.0 km/s that are observed at stations near the coast to source-receiver offsets as
large as 30 km. The second group of arrivals are refractions from the upper crust (Pg) which are
observed to source-receiver ranges in excess of 100 km (figs. 12 and 32). At the nearest ranges
the Pg arrivals have apparent velocities of 4 to 5 km/s and at greater ranges these abruptly increase
to 6 km/s. At the farther ranges the travel times of the Pg arrivals clearly show the influence of the
topography of the outer margin and continental slope (fig. 2), which cause undulations in Pg travel
times up to 0.4 seconds. A third group of arrivals is represented by weaker wide-angle reflections
from the mid-crust are observed on the highest quality profiles (e.g., fig. 4). A fourth set of
arrivals is represented by reflections from the top of the upper mantle, the Moho, and is designated
as PmP. These arrivals are interpreted as PmP because they are normally the strongest secondary
arrivals observed on the records, and because they frequently display the largest amplitudes of all
recorded arrivals. Refractions from the upper mantle, Pn arrivals, are generally observed but due
to complex structure do not generally show velocities typical of the upper mantle. The sixth and
last type of arrival is represented by secondary arrivals having a linear moveout and an apparent
velocity of 2.7 km/s. These arrivals probably represent shear waves converted near the base of
the thin sedimentary blanket covering the upper continental slope. A preliminary interpretation of

these data was presented by Brocher and others (1991).
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FIGURE 12. Receiver gather recorded at Station LP-10 for line 38. The record section has been linearly reduced using a velocity of 6

km/s and trace amiplitudes have been scaled according to Range0-7. A few noisy traces have been deleted.
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FIGURE 13. Receiver gather LP-11 from line 38. The record section has been linearly reduced using a velocity of 6 km/s and trace

amplitudes have been scaled according to Range0.7. A few noisy traces have been deleted.
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FIGURE 18. Receiver gather LP-3 from line 32. The record section has been 1
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FIGURE 25. Receiver gather recorded at Station LP-10 for line 32. The record section has been deconvolved, linearly reduced using a

velocity of 6 km/s, and trace amplitudes have been scaled according to Range0-7. A few noisy traces have been deleted.
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FIGURE 26. Receiver gather LP-11 from line 32. The record section has been linearly reduced using a velocity of 6 km/s and trace

amplitudes have been scaled according to Range0-7. A few noisy traces have been deleted.



T-X/6, sec

"P219]9p U23q 9ARY SI0BN ASIOUMIJ Y ° N..oowcnm 01 urpI0oo® pa[eds usaq dAey sapmijduwe

aoex pue sy 9 Jo A1190[9A & Jursn paonpar A[Ieaur| ussq Sey UONIAS PIOdAL Y], 7€ Ul WOy 7] -4 19yres 1941909y *L7 TINOIA

wy ‘ebuey

N :
4 N L A ‘\ Py X A ; S 3
?um% Taes) GO REARIL :

MS

aN 2¢ eun

¢l-d1

38



AN-1

Line 32

]
e

SwW

T-X/6, sec

- %ﬁfgf’é&‘g} ; tg £

7 gi’”g%éﬁ%?jgﬁh}“gi

LB T LA L XSS

Mo 1
N

\)

« <

.*,’ ;‘A/ g{ -é : 3 ": .
KRS s }?2%%. 23 5{

REZLARAS ¥ 4 *"»J;Zl?'

¥ "(;{f_" 4 £ - ; 3

ii‘%g,z&g{,' L)
IR 842,

LR XIS &’;’q

Y
BT R X AESL 5
éf"gé‘é;ﬁ‘v ) f‘f’%*””’ﬁ%ﬁ’ ey
LU :
RN L= ree b 3 .
il
2
KT RSNy
T *¥RE3
o
©

ous e
ol o]
X S e,
sy %

. AL S BN RIS
RN RS A A P A

N
»
)
j \?{

;d:‘

|
X,
o

N

e
)

it

SRR RS e E e Y
et e e

Wi TR
g
A G
il

’2\_:? ;?-‘?-_3 o 3T T o, - 3 -n( <o
*XFE BSOS AR AE NF AR

o o

Range, km

FIGURE 28. Receiver gather AN-1 from line 32. The record section has been linearly reduced using a velocity of 6 km/s and trace

0.7, Afew noisy traces have been deleted.

amplitudes have been scaled according to Range
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